it seems to have a system of channels with a small number of wide "pores" (> 80 A) that permit permeation of large polar solutes and is not a relatively homogeneous structure. alveolar epithelial permeability THE TRANSPORT OF water and solutes across alveolar-pulmonary capillary units has been of major interest. In particular, this area is relevant to an understanding of the problem of pulmonary edema. The permeability properties of pulmonary capillaries qualitatively resemble those of capillaries in other vascular beds. There is high permeability to water and relatively high permeability to most biologically important, charged and uncharged low-molecularweight solutes. Movement of high-molecular-weight solutes does occur, but is restricted (9, 30) . Various capillaries differ in structure and pulmonary capillaries are of the continuous type with "tight" junctions closing intercellular spaces (17). However, it is generally accepted that the walls of even continuous capillaries are relatively permeable to solutes in comparison with cell membranes ( 13). Several independent studies have suggested that alveolar epithelium presents a tight barrier to the passage of many solutes (3, 27, 30) .
The use of large polar solutes to investigate transport properties of various cell membranes is well known. The volume of distribution of sucrose and inulin have been used to measure whole-body extracellular space on the assumption that these solutes do not penetrate most cell membranes (7). Dextrans of various molecular weights have been used to investigate the permeability properties of capillaries and lymphatics (2 1). Recent work, using in vitro preparations, suggests low, but finite permeability of a variety of epithelial cells to a variety of large polar solutes including sucrose and inulin, classically considered as "impermeant" solutes (25, 33). Wangensteen et al. (30) measured the permeability coefficients of sucrose for pulmonary capillaries and for the overall pulmonary capillary-alveolar epithelial barrier. It was concluded that the alveolar epithelium constituted the main barrier to the transport of even small lipid-insoluble solutes which crossed by means of small, relatively unselective leaks. Taylor and Garr (27) studied the transport of sucrose in the isolated liquid-filled lung (three measuremen ts) and found limited permeability.
The present studies differ in several respects from these studies. The studies have been performed in intact animals rather than the isolated perfused lung, thus providing data in an in vivo preparation.
The transalveolar transport of sucrose, inulin, and dextran (mol wt 60,OOO-90,000) has been compared with that of urea, a low-molecular-weight, polar solute (with relatively high lipid solubility as compared to the above molecules).
This permits a more complete analysis of the permeability properties of the alveolar epithelium than previously available. Transalveolar transport of all these solutes has been demonstrated.
The transport process has been shown to be mathematically orderly, suggesting that these solutes do not penetrate through nonselective leaks. were applied to each plasma sample. The zero-time samples of plasma and alveolar liquid were used to obtain background radioactivity, which was subtracted from the radioactivity found in subsequent samples. In five studies, the transport of sucrose was studied using nonradioactive sucrose and analyzing for sucrose concentrations by the anthrone method (29). This was done to insure that the observed transport rate was not related to loss of radioactivity from the solute with migration of relatively 1ow-molecular-weight fractions rather than the parent compound.
No differences were found in permeability using sucrose-14C or nonradioactive sucrose. Since plasma contains 93 % water, each plasma value was divided by 0.93 to convert radioactivity or concentration to volumes of plasma water. Analyses were performed in duplicate, and the results reported are the means of the two determinations. Evans blue concentrations in alveolar liquid were measured in a spectrophotometer at a wavelength of 620 nm. 
In these studies, alveolar liquid and arterial plasma were sampled at hourly intervals for a 4-h period.
Studies in which the plasma concentration of solute varied more than 20 % during the 4 h were discarded. Co Not all the saline instilled is alveolar in location. There is a variable amount of saline in the airways which is not in direct contact with exchange surfaces and represents deadspace liquid. Since the free-diffusion coefficient in water of these molecular species is considerably higher than the calculated permeability coefficients, we have assumed that the resistance to diffusion in alveolar liquid is negligib1e.l
The use of an in vivo preparation is associated with the possibility of changes in pulmonary flow. Since changes in flow rate could affect the measured permeability coefficients, this could introduce an important source of error. The problem of diffusion through ccunstirred" layers has been emphasized as an important factor in quantitating transport processes (15, 20) . No estimate of the influence of this factor has been attempted. In the case of the two compounds with the lowest permeability constants (inulin and dextran), T1,2 was long and considerably greater than the 4 h of observation. As a result, the calculation Tr,z was, of necessity, extrapolated from data covering only a relatively small fraction of the equilibration process. Various dextrans have been reported to have lowmolecular-weight '<tails" (11). This could lead to permeation of the alveolar epithelium by relatively low-molecularweight dextran rather than the parent compound.
Saline filling of alveoli could lead to structural alteration and thus modify the permeability properties of the barrier. The permeability coefficients measured would not be those of normal epithelium.
Some transalveolar exchange could occur through bronchial rather than pulmonary capillaries. Because of these problems and uncertainties, we have used the term apparent permeability constant (p') to describe the data. This designation makes it clear that an absolute permeability constant has not been determined. Statistical analysis was performed by means of the t test and P values 2 0.05 were considered not significant. Figure 1 shows typical examples of the log plot of (C, -C,)/C, against time for the four solutes studied. The mathematical orderliness of the data is apparent and the differences in slope between urea and sucrose and urea and inulin and dextran are obvious. It should be noted that even at the end of 4 h, the transport process for inulin and dextran is not close to equilibrium. Therefore, calculation of p' from these data is based on a brief segment of the equilibration process. f'dextran (P < 0.001). dp'yucrose > P'inulin and#'dextran (P < 0.001) ep'inulin not significantly differentfromP'd.,t,,, (a > 0.1).
RESULTS
higher p' than the other three molecular species. No significant difference was found between p'sUCTOse determined using f4C-labeled sucrose or using chemical sucrose. Sucrose has a significantly shorter TI 12, and higher p' than inulin (mol wt 5,000) and dextran (mol wt 60,000-90,000). No significant difference was found between plinUlin and fl'dextran A total of 43 studies involving the transport of endogenous glucose was performed.
In 12 studies, analysis of the data was not possible because the concentration of glucose in alveolar liquid was lower in the 3-h or 4-h sample than in earlier samples. This finding may have been related to metabolic consumption of glucose by lung cells. In 31 studies, th .ere was a con sistent increase in alveolar liquid with time. However, the equilibration times varied widely from 1 to 20 h, leading to extensive variations in calculated apparent permeability coefficients. These variations in experimental results may be related to a) technical problems, b) the influence of a variable consumption of glucose by local metabolic processes, and c) specialized mechanism of glucose transport.
In regard to the latter possibility, we have shown that glucose transport in isolated pulmonary alveolar macrophages is insulin dependent (unpublished observations).
Because of these problems, the data on &iucose are not included. Guyton, and Bishop (28) studied the transport of Na+, K+, urea, glucose, and dinitrophenol in the isolated, saline-filled, perfused dog lung. The general approach was similar to the present study in that alveoli were saline filled and the movement of solutes into alveolar liquid was followed for 3-h periods.
Qualitatively all the solutes penetrated alveolar membranes and were found in alveolar liquid. This indicated that under conditions of saline filling, the overall barrier (including the alveolar epithelium) was permeant to a variety of solutes. The highest permeability was demonstrated for water. Low-molecular-weight, lipidsoluble solutes (urea, dinitrophenol) showed high permeability, and the lowest permeability was found for polar solutes (glucose). These data supported the thesis that the permeability characteristics of alveolar epithelium resembled that of usual cell membranes.
In a separate study, Taylor and Garr (27) used essentially the same system to measure the permeability coefficient for sucrose (three measurements).
After 2 h, alveolar fluid had accumulated only 8-10 % of the initial radioactivity of the plasma. The calculated permeability coefficient for sucrose was 0.55 X 10-7 cm/s. Th is value was considered small enough to warrant the classification of sucrose as an impermeant molecule.
Wangensteen et al. (30) studied the permeability of isolated perfused rabbit lung to urea, Na+, glucose, and sucrose. The permeability of the total barrier was studied in a system similar to that of Taylor, Guyton, and Bishop (28), but transport was measured from the alveolar to the blood side, rather than in the reverse direction.
However, the permeability coefficients for urea, Na+, and glucose were approximately 10 times lower than those found by Taylor, Guyton, and Bishop. The permeability coefficient for sucrose was 1.3 X lo+, a value similar to that reported by Taylor and Garr (27). (27) measured osmotic transients produced by sucrose, glucose, and urea in isolated perfused dog lung. It was estimated that the equivalent pore raodius of the pulmonary capillaries was between 40 and 58 A and that of the alveolar epithelium was between 8 and 10 A. The qualitative implication of this study was that the alveolar epithelium represented the major barrier to solute movement. The quantitative implication was that the alveolar epithelium was a very tight structure.
The hydrodynamic molecular radius of sucrose has been estimated at 5.2 A (24), so the permeation would be possible. However, the molecular radius of inulin has been estimated at 15 A (25) and that of dextran (mol wt 20,000) as 32 A (11). Data are not available for the molecular radius of dextran (mol wt 60,000-90,000). Extrapolation of data from dextrans of lower molecular weight suggests a radius of 87 A. Molecules with the dimensions of inulin and dextran should be impermeant through channels of the dimensions determined by Taylor and Garr (27) . Effros (9) used injections of hypertonic small solutes to induce an osmotic extraction of fluid from the lung. The flow and composition of this fluid were inferred from a complex analysis of blood and a complex function of 0 calculated. The results suggested that the value of c found by Taylor and Garr were too low and, additionally, that most of the extracted fluid traversed endothelial cells and not intercellular junctions in the capillary endothelium. This study provided data on the early kinetics of solute transport across pulmonary capillaries. It should be emphasized that models of transport based on rapid kinetic analyses, such as studies of osmotic transients, would tend to underestimate the contribution of the transport of large solutes requiring relatively long periods of time for permeation.
In measurements of transients, large molecules would act as impermeant
solutes. An equivalent pore model attempts to define a membrane whose properties were '<as P' pores of a given size were present. Such an analysis is weighted toward the largest population of pores. In a heterogeneous system, there may be little relationship between equivalent pore size and "true" pore size.
Aside from experimental problems involved in measurements of 0, there are important theoretical and conceptual objections to the use of reflection coefficients to calculate pore radii. In derivations of appropriate equations relating g to equivalent pore calculation, it is assumed that a continuous treatment of membranes can be applied to a discontinuous membrane system. This is only sound, provided that a homogeneous membrane is being considered. Given a heterogeneous membrane system, then the basic assumptions no longer are valid (13). Mauro (18, 19) has shown, both theoretically and experimentally, the limitations of this form of kinetic analysis to discontinuous heterogeneous porous membranes.
In the case of pulmonary capillaryalveolar transport, the heterogeneity of the transport route is more extensive than in single membranes, and thus the validity of determining equivalent pore radii by calculations from reflection coefficients is even more questionable.
In the present study, we have shown the transport of all three large polar solutes from plasma into alveolar liquid. Assuming that this finding does not reflect alveolar injury produced by saline instillation, the qualitative implicatioc would be that channels with pore radii greater than 32 A must be present in alveolar epithelium.2
From the quantitative standpoint, our value for the permeability coeficient of urea is quite similar to that reported by Taylor, Guyton, and Bishop (28) in the isolated dog lung and differs substantially from that reported by Wangensteen et al. (30) . 0 ur value for the permeability coefficient of sucrose is higher than that reported by either group. However, the problems inherent in determining an absolute permeability coefficient have already been described. In particular, the sensitivity of the calculation to the assumed area of exchange and the inability to determine this area of exchange make comparisons difficult. There are several lines of evidence which suggest that our data reflect normal transport processes in liquid-filled alveoli rather than nonspecific injury. The data are mathematically orderly with respect to individual studies and with respect to the relative order of permeability coefficients.
In each individual study, the sequential changes in concentrations of alveolar liquid fit the theoretical pattern to be expected from a large volume compartment (plasma) held at constant composition equilibrating with a compartment (alveolar liquid) containing none of the tracer at time Oa More importantly, the relative order of T1 ,z and the order of permeability coefficients decreased with increasing molecular radius: plures > @'SUCrOSe > p/inulin not significantly different from p'dextran (mol wt 60,000-90,000). The inability to demonstrate significant differences between inulin and dextran (60,000-90,000) may be related to the fact that the values of the free-diffusion coefficients of inulin and dextran (60, 000) are close to each other (14). The method of determining permeability coefficients has poor resolution for solutes with low permeability coefficients. For example, generally less than 10 % of the total radioactivity of both inulin and dextran was found in alveolar Table 2 .
These calculations indicate that the alveolar epithelium provides approximately 90 % of the total resistance to transport for urea, sucrose, and inulin.
This analysis confirms the findings of Wangensteen et al. (30) and of Taylor and Garr (27) that the major site of resistance to solute transport resides in the alveolar epithelium.
Studies in a variety of epithelial structures suggest that the ratio of permeability coefficients of large polar solute is similar to that of the ratio of free-diffusion coefficients in aqueous solution
The similarity of the ratio of free-solution coefficients with the ratio of observed permeability is used then to argue that the diffusion in the tissue ,is occurring through aqueous channels. A comparison of these ratios for alveolar epithelium is shown in Table 3 . 
